Cellular cation homeostasis in mouse erythrocytes with defective membrane skeletons was examined in three mouse mutants, hemolytic anemia (sphh'/sphh"), spherocytosis (sph/sph), and normoblastosis (nb/nb), and compared with reticulocytes produced by repetitive bleeding of congenic normal mice. To assess reticulocyte maturity, nucleic acid and transferrin receptor contents were measured by fluorescence flow cytometry; mutant cells were somewhat more mature than normal reticulocytes by these criteria. Red blood cell (RBC) sodium contents (Na.') in homozygous sphh"/sphh", sph/sph, and nb/nb animals were 30.1 ? 0.9, 28.9 2 0.3, and 26.9 ? 1.5 mmol/L cell, respectively, whereas cellular potassium (K+) was 102 f 2.6, 101 ? 7.8, and 97.4
! The spectridactid4.1 complex also interacts with the membrane-spanning glycoproteins, particularly glycophorin C, ' and with several other modulating proteins such as dematin (protein 4.9), adducin, and tropomyosin! These interactions, modulated by phosphorylation and sulfhydryl oxidation,8 influence red blood cell @BC) shape' and confer mechanical strength and stability on the membrane.lo Other postulated functions of the RBC membrane skeleton include regulation of vesiculation'' and restriction of the lateral mobility of integral membrane proteins."
Abnormalities in erythrocytes with defective skeletal proteins have provided much of the evidence for these physiologic roles of the membrane skeleton. During the last decade, a variety of inherited disorders of RBC morphology, including hereditary spherocytosis (HS), hereditary elliptocytosis (HE), and hereditary pyropoikilocytosis (HPP), have been associated with specific molecular defects in a and p spectrin, ankyrin, proteins 4.1 and 4.2, and the anion exchange protein. The phenotypic expression of these genetically diverse disorders is generally related to the resultant functional impairment. Disruption of spectrin dimer interactions is associated with HE and HPP, whereas spectrin deficiency or disruption of the attachment of the skeleton to the membrane produces HS.2,".'"'5 The abnormal shape, increased mechanical fragility, and structural instability of the lipid bilayer of cells with these known molecular defects in skeletal proteins has confirmed the physiologic roles of the skeleton.
Several strains of mutant mice with defective membrane skeletons have also proven illustrative of the molecular bid- gained Na' at a rate of 3.9 ? 1.0 mmol/L cell/h and lost K+ at 6.0 f 2.1, rates indistinguishable from those in mature mouse RBCs. Potassium loss from sphh"/sphh' and nb/nb cells was not dependent on the presence of a Na' gradient, and net cation movements were insensitive t o bumetanide (sphh4/sphh" and nb/nb RBCs) and t o chloride replacement with sulfamate (nb/nb cells). We conclude that mutant mouse RBCs with dysfunctional membrane skeletons have increased passive permeability t o monovalent cations. These findings support a role of the membrane skeleton in the maintenance of the membrane permeability barrier and suggest that the abnormal permeability associated with human hereditary spherocytosis and elliptocytosis may be a consequence of the membrane skeleton defects reported in these disorders. ogy of the component proteins and the consequences of cytoskeletal dysfunction. The spherocytosis mutant (spWsph), first described by Joe et a l l 6 exhibits only traces of spectrin (Y chain and is now known to result from defective transcription, processing, or stability of a spectrin mRNA.I5.l7 The hemolytic anemia mutant (sphha/sphh")'* apparently produces an unstable a chain; these membranes show 20% to 30% of the normal spectrin complement, with somewhat more p spectrin than a present.I7 The jaundiced mutant (id&) has no detectable membrane spectrin, a result of a defect in p spectrin production.17 The normoblastosis mutation (nb/nb) results in reduced levels of ankyrin mRNA with almost complete absence of the 210-kD protein in RBCs and about a 50% decrease in spectrin," presumably secondary to loss of spectrin binding sites. The severity of the anemia in these mutants correlates with the degree of spectrin d e f i c i e n~y , '~.~~ although the phenotypic expression of the various defects is otherwise similar. All these mutant RBCs are spherocytic and exhibit spontaneous fragmentation and membrane bud- 
r!
ding.'"IR The reversal of these dysfunctions upon incorporation of spectrin into spWsph ghosts by reversible lysis" indicates that they are direct consequences of spectrin deficiency.
Earlier studies demonstrated high cellular Na' and low K' in these mutant mouse RBCS," suggesting abnormal membrane permeability. Likewise. early studies of human HS cells suggested abnormal cation permeability."-" although these reports on human RBCs are difficult to interpret for several reasons. First, the specific skeletal mutations were not defined in the human cells tested, so that other related genetic variations could not be eliminated. Second, the isotopic flux techniques used do not distinguish between abnormal exchange mechanisms and basal membrane permeability. Finally, the measured fluxes may have been in part related to elevated reticulocyte levels. The present study was therefore undertaken to test the hypothesis that membrane skeletal dysfunction in mutant mouse erythrocytes is associated with increased cation permeability. Unlike the human diseases, the mutant mouse models have the major advantage that the functional effects of the skeletal defects in mouse cells can be evaluated as single mutations against an otherwise identical genetic background.
MATERIALS AND METHODS

Animals.
Mice were bred at The Jackson Laboratory (Bar Harbor, ME). The sphh", sph, and nh genes were fixed by successive backcrosses on the inbred strains CS7BU6J and WB/Re, and homozygotes (sphh"hphh", sphhph. nh/nh) were produced as F, hybrids (WBB6FI-+/+). Controls consisted of normal WBB6FI-+/+ mice.
The animals were congenic except for the mutant genes."^'" Blood samples. Blood was obtained by open cardiac puncture with pentobarbital anesthesia from animals 12 to 18 months old. Approximately 1 mL could be obtained from normal mice and 1.5 mL from anemic animals. Heparin (2 UlmL) was used as anticoagulant, and samples were kept on ice less than 1 hour before use. The blood of a single mouse was used for a given experiment, except for normal reticulocyte preparations, in which pooled samples were necessary.
Normal reticulocvte preparations. Because the anemic mutant mice have reticulocyte counts of 60% to 958," a similar population was prepared from normal WBB6FI-+/+ mice by repetitive bleeding. On day I , animals were primed with an intraperitoneal injection of 2 mL normal saline, then lightly anesthetized with ether. Approximately 750 pL of blood was then drawn by retro-orbital puncture. The procedure was repeated on day 3 and the animals were exsanguinated on day S. During this period, drinking water was supplemented with iron (3 mg Fe/100 mL) and folate (20 pgll00 mL). Reticulocyte counts were determined on smears stained with new methylene blue and were 30% to 40% in pooled samples on day S. Reticulocytes were enriched by centrifugation on a two-step gradient of isotonic Percoll (Pharmacia, Uppsala, Sweden). The upper layer of the gradient (0.5 mL) had a density of 1.080 glmL and the lower had a density of 1.093 to 1.094 glmL (I mL). Approximately 0.5 mL of whole reticulocyte-rich blood was layered on top of these gradients in a S-mL glass tube and centrifuged for IS minutes at 4°C in a swinging bucket rotor at 3,OOOg. The buffy coat floated on top of the upper gradient, and reticulocytes were found at the interface of the two gradients. After washing in media to remove the Percoll. the enriched samples had reticulocyte counts ranging from 7 2 8 to 908.
To compare the maturity of mutant and normal mouse reticulocytes, cells were analyzed by fluorescence flow cytometry for transferrin receptor (TfR) and nucleic acids. A previously published protoco12n was adapted for use with mouse RBCs. In brief, cells were reacted with monoclonal rat antimouse-TfR (Bachem Bioscience. King of Prussia.
PA) followed by biotinylated goat antirat-lgG (Sigma, St Louis, MO) and streptavidin-phycoerythrin (Molecular Probes, Eugene, OR). For nucleic acid analysis. cells were incubated with thiazole orange (TO: Retic-COUNT; Becton Dickinson, San Jose, CA) for 30 minutes immediately before flow cytometry. Twocolor fluorescence analysis was performed on a Coulter model XL-MCL flow cytometer (Coulter Instruments, Hialeah, FL) with the RBC population gated on the forward scatter versus side scatter plot. Control experiments showed minimal fluorescence when nonimmune rat IgG (Sigma) replaced rat antimouse-TfR (data not shown).
Hemo,&hin and hematocrit. Hemoglobin was measured as the cyanmethemoglobin derivative at 421 nm. Microhematocrit was determined after S minutes of centrifugation at 12.000~ (Becton Dickinson). Trapped extracellular volume, estimated using "C inulin (molecular weight 4000, New England Nuclear, Boston, MA), was 2.41 for normal mouse RBCs and 6.98 for spherocytic mouse RBCs under the conditions used for hematocrit measurements. These corrections were used in calculating hematocrits in this study. The mean corpuscular hemoglobin concentration (MCHC) was calculated from hemoglobin and the corrected hematocrit.
Media and incrthation. Saline medium contained 140 mmoln NaCI, S mmol/L KCI, I mmol/L MgCI?, 1.5 mmoln CaCI?, 10 mmol/L glucose, and S m m o l n HEPESmris, pH 7.4 at 37°C. OsmolFor personal use only. on November 16, 2017 . by guest www.bloodjournal.org From ality was 300 to 305 mOsm (Wescor, Logan, UT). In some media, choline chloride was substituted for NaCl in equimolar amounts. To avoid additional handling of fragile mutant RBCs, whole blood was added to incubation flasks to give a final hematocrit of 1.0% to 1.5%. Thus, incubations contained 3% to 5% plasma; pilot experiments showed no effects of these plasma concentrations on cation fluxes in normal or mutant RBCs.
Sulfamate medium was prepared by substituting 140 mmoVL sodium sulfamate for NaCI, substituting 5 mmoVL potassium sulfamate for KCI, and using nitrate salts of Mgz+ and Caz+. Osmolality was adjusted to 300 to 305 with sodium sulfamate. For chloride substitution experiments, cells were washed three times in either chloride or sulfamate medium by centrifugation at l,OOOg, with gentle resuspension. MCHC was the same before and after washing in both media (data not shown), indicating that cell volume was not perturbed by the washing in these media.
Cation sampling and jh determination. Cellular cations were assayed by techniques previously reportedz9 adapted to sample sizes of 3 to 6 pL of RBCs. In brief, approximately 300 pL of incubation suspension was added to 1.5-mL Eppendorf centrifuge tubes containing 600 pL of ice-cold, isotonic choline chloride (165 mmoVL) buffered with 5 mmollL Tris Cl to pH 7.4 at 22°C and layered over 200 pL dibutyl phthalate (Fisher Scientific, Pittsburgh, PA). Samples were centrifuged at 12,OOOg for 5 minutes at 4°C in an Eppendorf microfuge. The aqueous layer and the buffy coat above the oil were aspirated, and the tube was washed twice with isotonic choline chloride without disturbing the oil and underlying RBC pellet. The oil layer was then aspirated and the cells were lysed in 1 mL of a solution containing 4 mmovL CsCI, 0.1% (vol/vol) N%OH, and 0.03% (vol/vol) nonionic detergent (Acationox; Monoject Scientific, St Louis, MO). Membranes and residual oil were pelleted by centrifugation at 12,000g for 10 minutes at 4°C. After suitable dilution, hemoglobin was assayed, and Na' and K+ were measured by atomic absorption spectrophotometry (Model 370; Perkin Elmer, Norwalk, CT). Cation content was normalized to sample hemoglobin and then converted to millimoles of cation per liter of original cells using the MCHC determined on whole blood.
For net cation flux determinations, cells were incubated at 37°C for 30 to 60 minutes in appropriate media. Unless otherwise stated, ouabain was present at 5 mmoVL, which fully inhibits the Na/K pump in mouse RBCS.~'," Triplicate samples were taken at four time points, usually at 15-minute intervals. Cellular cations were calculated and plotted versus time (see Fig 3) . Slopes of the lines, calculated by least squares analysis, represent the flux rates, expressed as millimoles per liter of cells per hour.
RESULTS
Reticulocyte preparations.
Reticulocytosis was induced by repetitive bleeding of normal mice (WBB6F1-+/+) congenic with the mutant strains. Figure 1 shows photomicrographs of reticulocyte-stained blood smears from a normal mouse before bleeding (Fig lA) , a normal mouse after bleeding and reticulocyte enrichment by density gradient centrifugation (Fig lB) , and a mutant nbhb mouse (Fig 1C) . A degree of macrocytosis is apparent in the normal reticulocytes, but reticulocyte morphology is similar in the three smears.
Flow cytometric analysis of RBC for TfR and nucleic acid (RNA) content is shown in Fig 2. Figure 2A shows RBCs from a normal animal on day 5 of the bleeding protocol; this sample, which was not density-enriched, contained 46% reticulocytes by manual count and 4 4 % of cells stained with TO (FL1 channel). Shown in Fig 2B are cells from an nb/ nb animal, with 65% reticulocytes by both manual count and thiazole TO. Fluorescence was more intense for both TW and TO stains in the normal reticulocyte population, indicating a higher content of both TW and nucleic acid compared with nb/nb cells. Although normal reticulocytes were slightly larger than nb/nb cells (Fig l) , this difference in size is not sufficient to account for the order of magnitude difference in TW staining and fivefold higher TO staining observed in Fig 2, comparing normal reticulocytes to nb/nb cells. Because both reticulum and TW content of reticulocytes decrease during maturation:' these data suggest that the normal reticulocytes produced by repetitive bleeding are, if anything, less mature than mutant RBC.
RBC cation content. The RBCs of three mouse mutants, sphh"/sphh", spWsph, and nb/nb, exhibited elevated intracellular Na+ (Na.+; Table l), which was almost three times the level in normal reticulocyte-rich samples. Cellular potassium Weymouth22 showed similar K+ but much higher Na: (48 to 62 mmol/L cells). However, those determinations were made on packed cell columns prepared by centrifugation at 4,0OOg, with no correction for trapped extracellular plasma. Our studies showed that trapped volume in hematocrit measurements was three times normal in the spherocytic RBCs when centrifuged at 12,OOOg (see Materials and Methods). Thus, the previous studies of ion content, using lower centrifugal forces to pack cells, probably overestimated N&+. We measured trapping of medium under the phthalate layer with mutant RBCs directly with I4C-inulin and found that trapped extracellular Na+ could contribute only 0.2 to 0.4 mmoVL cells to N&+ measured by this technique. Our data were not corrected for such trapping. Cellular Na+ in normal mouse RBCs was half that reported by Weymouth22 and similar to that reported more re~ently.".~' Taking these considerations into account, the present data represent a more accurate estimate of cellular Na' in spherocytic mouse RBCs than those previously available.
Net cation jZues. Figure 3 shows representative experiments in which intracellular Na+ and K+ were measured over time in ouabain-treated, normal reticulocytes and spherocytic RBCs from spWsph, sphh/sphh", and nb/nb animals. The Table 2 . In the presence of 5 mmom ouabain, Na' uptake was the same as K' loss in mutant RBCs, and there were no significant differences in these parameters among the three mutant strains. These net cation flux rates were around three times the flux rates measured in normal mature mouse RBCs or in reticulocytes produced by repetitive bleeding. The values for four reticulocyte preparations are shown in Table 2 . It is noteworthy that the reticulocyte flux values were virtually identical to those of mature cells. There was also no correlation between the flux rates and the reticulocyte count of either the enriched preparation or the pooled blood samples from which they were derived. This finding suggests that net flux rates of very young mouse RBCs are not substantially different from more mature RBCs, so that the young age of the mutant RBC populations cannot account for their high flux rates.
To test whether an unusual exchange mechanism of internal K+ for external Na+ could account for the elevated net cation flux rates in mutant RBCs, we incubated cells in media containing 30 mmol/L Na' (balance choline-Cl) that approximated internal Na' concentrations (millimoles per liter of cell H20) in mutant cells. Figure 4 shows that K+ loss was similar to that in Na+ medium, whereas N< was virtually unchanged during the incubation. Thus, K' loss was not Fluxes were measured in HBS containing 5 mmol/L ouabain, as described in the Materials and Methods. Mature cells were from whole blood of normal mice without density separation; reticulocyte counts were not performed on such samples, but normally average 1% to 2%. Reticulocytes were produced by repetitive bleeding as described in the Materials and Methods. Pool samples refer to the reticulocyte counts in the pooled blood of several animals before centrifugation on density gradients. Enriched samples were taken from the top of such gradients and used to measure the fluxes reported. Means ? SD are reported. Values are millimoles per liter of cells per hour.
Range given in parentheses.
dependent on the presence of the Na+ gradient, and there was no K+ gradient-driven Na' uptake. Both of these characteristics have been shown in the Na+:Li+ exchange pathway in human R B C S .~~ Mouse RBCs exhibit a bumetanide-sensitive NdWC1 cotransporte?' as well as a volume-dependent KC1 cotransporter that is inhibited by sulfamate substitution for Cl-.31 To test whether either of these Cl-dependent pathways were responsible for the high net Na+ or K+ movements in mutant mouse RBCs, fluxes were measured in the presence of inhibitors of these pathways. Table 3 shows that bumetanide had no consistent effect on net cation fluxes in nbhb or sph"/ sph" cells. The reduction in net Na influx and increase in net K+ efflux in one experiment with sphh"/sph" cells could conceivably reflect bumetanide inhibition of inward N W Cl cotransport; however, this was not seen in the K efflux measured in the second sph"/sph" animal and the residual net cation permeability in the presence of bumetanide remained higher in both experiments than did control efflux. Thus, the abnormal permeability of the nbhb and sph"/sph"" cells does not appear to result from high levels of NdWCl cotransport activity. Table 4 contains data showing that, under isovolemic conditions at pH 7.4, net fluxes of Na+ and K+ in nbhb RBCs
were not altered by sulfamate substitution, indicating that increased cation permeability in these cells was not a manifestation of high KC1 cotransport activity. Although other mutant cells were not available for Cl-substitution studies, the similar magnitude of the fluxes in all three mutants, the lack of activity of the KC1 cotransporter in normal mouse reticulocytes under isotonic conditions at normal pH, and the inability of this pathway to mediate Na movements make it unlikely that the KC1 cotransporter mediates the high permeability of the mutant mouse RBCs. We conclude that net K' loss and Na+ gain in ouabain-treated mutant RBCs are not mediated by known coupled cotransport or countertransport mechanisms. NaK pump capacity. Given the degree of Na' loading in mutant mouse RBCs, it was important to determine whether NaK pump dysfunction accompanied the increased passive cation permeability. We estimated NaK pump capacity in sphh"/sphh" and nb/nb cells by measuring N G during incubation in media containing 30 mmol/L Na', 4 mmol/L K', balance choline. A normal reticulocyte preparation was loaded with Na+ by incubation in high Na', K'-free medium for 3 hours. As can be seen in Fig 5 , Na; in ouabain-treated cells was relatively stable, reflecting the lack of a large Na' gradient across the membrane under these incubation conditions. In the absence of ouabain, Na+ was extruded rapidly from the cells, with initial rates in excess of 50 mmol/L cellsh. Mutant RBCs (Fig 5, left and center panels) were comparable to normal mouse reticulocytes ( A consistent observation was that mutant RBCs also extruded Na+ and gained K+ when suspended in vitro in medium with 140 m m o l h NaCI, 5 mmol/L KC1 without ouabain, suggesting that passive cation permeability might be possible to test this hypothesis directly due to the extreme mechanical fragility of these cells.
DISCUSSION
This study examined cation contents and net cation movements in mouse RBCs with defective membrane skeletons. Sodium content was higher and potassium content lower than normal mouse reticulocytes, although total cation content was normal. Na' content was lower than previously reported for mutant cells, probably as a result of less Na' contamination from medium with the techniques used here. Net fluxes of Na' and K' in ouabain-treated RBCs, the first such measurements reported for these cells, were markedly elevated, ie, three to four times those of normal reticulocytes.
It is known that the activity of several carrier-mediated transport processes diminishes during reticulocyte maturation in other species." Two lines of evidence suggest that this is not the explanation for high permeability in the mutant mouse RBCs. First, T W and nucleic acid contents in these cells were lower than those of normal reticulocytes, even accounting for the smaller volume of the mutant cells. Given the correlation between RNA and T W contents and reticuloleast as mature as the normal reticulocytes studied. Second, normal reticulocytes had virtually identical net flux rates as mature RBCs. Thus, if membrane permeability is altered during erythroid differentiation in the mouse, this change must occur before the reticulocyte stage. It is noteworthy that previous studies of reticulocyte permeability generally cyte age,28.12.77 these data suggest that mutant cells are at nb/nb For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From used isotopic flux techniques that cannot differentiate exchange processes from net cation transport. In the present study, net cation movements were measured and are more likely to reflect basal membrane permeability. No evidence was found to suggest that a cotransport or countertransport mechanism mediated these cation movements in sphh"/sphh" or nb/nb cells. This finding strengthens our conclusion that passive permeability of the membrane is elevated in mutant mouse RBCs with defective membrane skeletons.
The permeability defects in the three mutants tested were virtually identical in magnitude ( Table 2) , reflecting other phenotypic similarities of the defects, despite variations in the quantity of spectrin found in the membranes. Unfortunately, j d j u animals were not available for study, but it should be noted that Weymouth" found quantitatively similar cation contents in j d j u RBCs as in the other three types of mutant cells, suggesting that the permeability of these cells was similar to that of the others. The similarity of the permeability defect and the common genetic background of the mutant and control mice are strong evidence that the permeability defect is a consequence of the deficiency in spectrin (spWsph, sphh"/sphh") or ankyrin (nb/nb) as opposed to a genetically linked abnormality. These data therefore provide evidence for a role of the cytoskeleton in maintaining the permeability barrier of the bilayer membrane.
In recent years, the varied phenotypes of HS and HE have been associated with specific genetic defects in the cytoskeleton and its attachments to the membrane, many of them point mutations or deletion^.^^"^^^^^^^ These abnormal RBCs have long been known to exhibit abnormal cation fluxes and volume reg~lation.'~.~~ Given these findings and our data associating abnormal cation permeability with cytoskeletal mutations in mouse RBCs against a constant genetic background, it is likely that the cytoskeletal dysfunction resulting from such defects is also responsible for the abnormal cation permeability that is known to accompany human HS and HE. The precise nature of these permeability defects remains to be determined.
Such a role for the membrane skeleton is also supported by the increased cation permeability observed in RBCs subjected to shear and in deoxygenated sickle cells.36 Human erythrocytes exposed to high shear stress in a coneplate viscometer exhibit a balanced leak of Na+ and K+ that is proportional to shear and perturbation of membrane skeleton structure has been shown under conditions producing mechanical deformation of the membrane.38 Deoxygenation of sickle cells also induces an increase in cation permeability that is proportional to the degree of sickling, as modulated by changes in MCHC, rate of deoxygenation, or pH.36 It has been shown that uncoupling of the membrane skeleton from the lipid bilayer occurs in the membrane spicules formed upon providing another association between cytoskeleton integrity and membrane permeability.
Thus, perturbations of the RBC membrane skeleton under a variety of conditions-congenital defects of the skeleton in mice and humans, sickled RBCs, and erythrocytes subjected to shear stress-are associated with changes in the passive permeability of the membrane to cations. The cumulative weight of this circumstantial evidence strongly supports a role of the membrane skeleton in the maintenance of the permeability barrier function of the membrane. The molecular mechanism of this association is a matter of speculation at present, but could involve perturbation of the structure of the lipid bilayer or of specific membrane proteins. It is known, for example, that the transbilayer mobility of lysophospholipids is increased in sph""/sph"", spWsph, and nb/nb mouse RBCs, as well as in deoxygenated sickle cells. 40 Likewise, association between the cytoskeleton and several ion transporters and channels has been documented,ls4 and the function of such pathways could be perturbed in RBCs in which cytoskeletal elements are disrupted. These associations provide avenues for future investigations into the role of the cytoskeleton in maintaining the permeability barrier of the cell membrane.
